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Background
As the ubiquity of plastics testify that mechanical flexibility offers advantages and enables applications that would otherwise be difficult on traditional rigid substrates. In the early days of semiconductor industry circa 1950s when a computer weighed a ton and no one could foresee the need beyond five computers for the world -the drive for faster computing and communication beat the conveniences of flexibility and lightweight electronics. Over the years however a different class of electronics has slowly emerged out of the shadow of microelectronics juggernaut. In late 1960s and early 1970s, the so called large-area Macroelectronics (1, 2) started with thin-film photovoltaics, a-Si displays, xerography (3) -technologies that value large area and lighter weight over higher performance. After all, Pentium-sized PV may be appropriate for wrist-watch, but unless it is scaled to football-field sized installation, it cannot cost-effective against traditional electricity. Moreover, pounds and ounces matter for a laptop or handheld application.
Over the years, lower-cost options based on organics and polymers on plastic substrates have emerged as promising options for wide variety of technologies (4, 5, 6, 7, 8) . Indeed, many envision a not-so-distant future when flexible sensor skin will wrap an aircraft -finding structural faults before the x-rays can, that a foldable antenna will be unfurled in the remotest corner of the earth for better reception and easier communication, etc., that installation of low-cost flexible PV on rooftop will be an easy weekend task (1,2).
Unfortunately, scenarios painted above are based on a rather simplistic notion of macro vs. microelectronics. In practice, the area performance trade-off is more complicated. Yes, polymers can be used to make solar cells, however the performance so far is so poor and unreliable that it is difficult to make a case of grid parity in foreseeable future (4) . Although a-Si based technologies work well as TFTs for display backplane (3), all higher performance drivers must be made either of poly-Si or single crystalline cellsmaking the integration difficult and technology expensive.
Three newer research directions promise to address these concerns: The first option is to create conducting fabrics based on single crystalline Nanowires and nanotubes embedded in flexible substrates (9, 9, 11, 12, 13) . Second, it is possible to develop devices with multiple transfer-printed thin layers of single crystalline materials for flexibility and performance (14, 15) . And finally, one may create systems with flexible interconnects that links rigid islands of computing/sensor elements (15, 17) . In this discussion, we focus on the first approach based on Nanonet fabrics composed of randomly dispersed nanotubes and nanowires (generically called 'sticks' in the following discussion), Such fabrics offer an higher performance alternative to classical organic semiconductors and are generally much more reliable (9, 11, 12, 18) .
However since transport properties of networked semiconductor are fundamentally different than that of bulk semiconductors (see Fig. 1 ), the design of fabric-based devices cannot rely on classical textbook analysis, but requires development of novel conceptual framework (19, 20, 21, 22, 23, 26) based on percolating transport (25) , fractal character of the surfaces (33) , and stochastic design rules. Fortunately, once these principles are understood, nanonet fabrics can be used in broader range of applications and in simpler system architectures compared to traditional semiconductors. Below I discuss a series of such applications for nanonet fabrics and develop the theoretical framework to design them.
Electrical Properties of Nanonet Fabrics for Application in Thin-Film Transistors
Let us first consider the electrical transport properties of nanonet fabrics for electronic applications such as thin-film transistors (TFTs), see Fig. 1 . The key challenge of electrical conduction through network of CNT or SiNW cannot be described by ohm's law, but rather must be understood in terms of a heterogeneous, nonlinear, percolation model (8, 19, 21, 22, 23) . Percolation theory accounts for the fact that in a networked fabric, shortening the channel length ሺ‫ܮ‬ ሻ simultaneously increases the number of parallel pathways that can bridge the channel -thereby giving rise to a nonlinear increase of drain current with channel length ሺ‫ܫ‬ ‫ܮ̱‬ ି ‫݄ݐ݅ݓ‬ ͳ ൏ ݉ ൏ ʹሻ , not anticipated by macroscopic ohm's law ሺ݉ ൌ ͳሻ . Moreover, unlike classical two-terminal linear percolation theory appropriate for low voltages ( ܸ ‫݈݈ܽ݉ݏ̱‬ ), one needs a nonlinear, multi-terminal generalization so that the effects of gate and substrate contacts can be analyzed and understood (20, 27) . And finally, the nonlinear percolation theory must apply to fabrics with heterogeneous elements since the transport in fabrics like CNT nanonets are controlled by the ratio of metallic to semiconducting tubes (20) .
The physics of multi-terminal percolation theory have been developed by a series of papers by various groups and have been validated extensively by experiments . Here I describe the essence of the key result of such analysis: For a TFT based on nanonet fabrics with density of sticks ‫ܦ‬ , stick length ‫ܮ‬ ௦ , gate and drain voltages of ܸ ீ ܽ݊݀ ܸ , respectively, the drain current of the TFT is given by a simple product of a geometry factor (ߦሻ and electrical factor (߮ሻǡ (20)
where the transport factor ߮ depends only on applied voltages and can be derived from classical Shockley theory of transistors, while geometry-factor ߦ depends on two scaling variables: normalized density ‫ܦ‬ ‫ܮ‬ ௦ ଶ and normalized channel length (with respect to stick length) ‫ܮ‬ Ȁ‫ܮ‬ ௦ (27) . For for transistors ‫ܮ‬ ‫ب‬ ߣ operating in the diffusive regime, textbook results suggest (28),
where ݉ is the body coefficient, ܸ ௧ is the threshold voltage, and ‫ܥ‬ ௫ is the gate capacitance. The corresponding formula for ballistic ‫ܮ‬ ‫ا‬ ߣ and quasi-ballistic regime can be found in Ref. xx. Similarly, the specific form of function ߦ depends on the (2) is expected to be different, the shape of the voltage scaling factor, ; are expected to be the same (green and blue lines correspond to two different devices with different densities and channel lengths). Symbols: experiment, lines: theory.
geometrical configuration of the network and the overall geometry of the TFT. For example (27) ,
for short-channel transistors (defined with respect to the size of the stick, not mean free path ߣ), while
The remarkable result of Eqs. (1) and (2) survives scrutiny by numerical simulation and experimental results, see Fig. 1b and 1c . Note that the classical result for ߦ̱ͳȀ‫ܮ‬ is easily reproduced at high-density ̱݉ͳ limit for ohmic conduction, however, the importance of percolation becomes apparent at densities closer to the percolation threshold, with nonohmic exponent ሺ̱݉ʹሻ. Indeed, once the implication of percolation is fully appreciated, powerful concepts like 'striping' can be developed for technologically relevant TFTs (9) only when view the nanonet fabric as a perfect percolative network, not as an imperfect homogenized thin film. For further details of these ideas and application to modern TFTs, we refer the reader to the NCN/Intel lecture series posted at Ref. (8).
Opto-Electronic Properties of Nanonet Fabrics for PV Application
Flexible solar cells need transparent conducting electrodes to let the sunlight in to generate electron-hole pairs, while simultaneously collect the electrons so generated by sunlight (see Fig. 2a ) (29) . The traditional choice of Indium Tin Oxide (ITO) is both costly and often not sufficiently flexible (6, 7, 31) . Nanonet fabric as solar electrode offers high optical transparency (empirically described by ܶ ൌ ܶ െ ݇ with. ܶ ൌ ʹ݊ ݊ ଶ ͳ Τ ൌ ͲǤͻͶ ݇ ൌ ͲǤͺ ߤ݉ ଶ ) complemented by high electrical conductivity ሺߩሻ of the network, making such fabrics a viable choice for low cost flexible PV (30, 31) . The electro-optical optimization of such heterogeneous percolating network offers an interesting problem: In one hand, the density of nanonet fabric should be low enough to allow high optical transparency and electron-hole pair (exciton) generation, one the other hand, the density should be high enough so that when the photo-generated carriers are collected by the network electrode, the series resistance is minimized (Fig. 2b) . As shown in Fig. 2c , such optimization shows that for typical ‫ܮ‬ ̱ͳ ߤ݉, the PV performance is optimized for CNT density of ߩ̱ͳͷ െ ʹͲ ‫݉ߤ‪Ȁ‬ݏ݇ܿ݅ݐݏ‬ ଶ . For longer sticks, the density required should scale with the square of the ratio of the length, i.e ̱ͳȀ‫ܮ‬ ௌ ଶ . Details of the optimization problem has been discussed in Ref. (31) .
Nanonet Fabrics for Nanobiosensors
Nanonet fabrics have also been used as a sensor element in biological sensors for detection of DNA and proteins. In a biological sensor, target biomolecules like protein or DNA are detected by various electrical, optical, or magnetic methods. In electrical biosensors, a TFT like device (see Fig. 3a ) is placed in the fluid (potentially) containing the target biomolecule. The conducting channel of the sensor, which can be planar, cylindrical, or nanonet fabric, is decorated with (conjugate) receptor biomolecule that respond only if target biomolecule diffuses towards the sensor and eventually binds to the receptor. Since the target biomolecules are charged, its capture by the receptor changes the potential felt by the channel. And the corresponding change in the ‫ܫ‬ ௗ signals the presence of the target molecule.
Planar ISFET sensors of 1970s are known to achieve sensitivities of of ߩ ୫୧୬ ‫ܯߤͳ̱‬ െ ‫ܯ݊ͳ‬ (33) . When NWs were introduced as biosensor platform in early 2000s (34), it achieved remarkable detection limits of ߩ ୫୧୬ ‫ܯͳ̱‬ െ ‫ܯ݂ͳ‬ . This improvement was attributed to enhanced surface to volume (S/V) ratio of NW over planar devices. Many groups therefore believed (34) that biosensors based on nanonet fabrics -which involves a large collection of NW or NT will achieve similar (if not greater sensitivity) with much reduced noise -a hope that unfortunately never materialized.
It turns out that it is not the S/V ratio, but rather the geometry of diffusion towards the sensor surface that defines sensitivity (36, 37, 38) . Since nanonets create a fractal surface Specifically the response time of any-diffusion-limited nanobiosenso is defined by the scaling law, ‫ݐ‬ ௦ ‫ן‬ ߩ ିሺଷି ಷ ሻ ଶ Τ , where ‫ݐ‬ ௦ is the settling time, ߩ is the density of biomolecules, and ‫ܦ‬ ி is the fractal dimension of the sensor surface (see Fig. 3b ). Given a reasonable settling/incubation time for measurement ሺ‫ݐ‬ ௦ǡ௫ ሻ, therefore, the detection limit scales as ߩ ‫ן‬ ‫ݐ‬ ௦ǡ௫ ିଶȀሺଷି ಷ ሻ (see the horizontal line in Fig. 3b) . Accordingly, for planar sensors with ‫ܦ‬ ி ൌ ʹǡ detection limit is defined by ߩ ‫ן‬ ‫ݐ‬ ௦ǡ௫ ିଶ , which implies that incubation times of the order of hours or days are required to detect molecules at sub-nM concentrations. As nanonet sensors are characterized by ͳ ൏ ‫ܦ‬ ி ൏ ʹ, the sensitivity is significantly enhanced. In addition, such sensors can be manufactured on inexpensive flexible substrates, paving the way for low cost of point-of-care applications. However, diffusion physics dictates that nanonet sensors cannot outperform single NW sensor ሺ‫ܦ‬ ி ൌ ͳሻ, where detection limit scales inversely with incubation time, i.e. ߩ ‫ן‬ ‫ݐ‬ ௦ǡ௫ ିଵ . Finally, apart from optimization of technologically relevant sensors for commercial applications, appreciation of neoclassical diffusion limited transport towards nanonet surfaces allows novel tests for DLA based theories, with broad implications for a host of natural phenomena.
Nanonet Fabrics for E-nose Applications.
The biological sensors described above are based on principle of 'lock-and-key' orthogonal detection, in which each DNA fragment is expected to be captured only by a specific complementary DNA sequence. Instead, the electronic-nose applications involve non-orthogonal detection where an array of detectors simultaneously finger-prints a specific gas molecule (with specific response pattern characteristics of that molecule). The elements in the array are differentiated by temperature or material type. Nanonets farbric offers an interesting alternative option for e-nose application where density of tubes (and associated density-dependent nonlinear conduction) can be used to differentiate the elements of the sensor array. Let us first consider the physical principle of nanonet-based chemical sensors for the detection of gas molecules (38) . It is often suggested that the enhanced surface-to-volume (S/V) ratio makes 1D nanowires (NWs) and nanotubes a sensitive detector of gas molecules for electronic nose (e-nose) and related applications (39, 40) . Similar to biosensors, however, this classical interpretation does not explain why multi-NW sensors with lower S/V and higher density offer high sensitivity and very low detection limits [41] [42] [43] [44] . Instead, the physics of nanonet chemical sensors is best understood with a combination of percolation theory of the network (discussed in Sec. 2) coupled with theory of gas isotherms. Such analysis confirms that it is the resistive NW-to-NW junctions, rather than the S/V ratio, that dictate the response of multi-NW chemical sensors and allows one to establish a simple scaling law to relate the detection limit of multi-NW sensors to density of NWs (DNW). Specifically, to model nanonet gas sensors (Fig. 4a) , one begins with a presumption of pre-existing oxidation of metal-oxide NW surfaces by O x -/OH -species, which originate from atmospheric oxygen and/or water, see Fig. 4c (45) . One assumes that the initial conductance ‫ܩ(‬ ) of metal-oxide NW sensor is determined by the interaction between NW surface and O x -/OH -groups since depletion regions are formed by O x -/OH -groups at NW surface. The depletion region populated at the intersection of two NWs creates potential barrier (ȥ B ) that blocks electron transfer from one NW to another. Subsequent introduction of reducing analyte gas lowers ȥ B dramatically as the analyte gas molecules reduce the O x -/OH -species to force it to return the trapped electron to the NW surface. The change of ȥ B is reflected in the model by enhanced tube-tube coupling (see Fig. 4c ). To compute the sensor conductance ሺ‫ܩ‬ሻ after introducing target gas, one uses Langmuir isotherm ߠ ൌ ߙܲȀሺͳ ߙܲሻ , where ߙ is Langmuir coefficient and ܲ is the partial The power-law relationship between sensor response and gas pressure at low-pressure regime. The dotted lines represent extrapolation of numerically-computed sensor responses. We assume that the minimum magnitude of detectable response for a gas sensor is 10 -2 (horizontal line) and black diamond symbols represent detection limits for different NW densities.
pressure of target gas, to determine the fraction of junctions that would be reduced by target gas. These 'gas-reduced' junctions with low barriers are randomly distributed across the network so that ‫ܩ‬ ̱ ݂ ሺܲሻ, as shown in Fig. 4e . This approach allows us to compute sensor ‫ܩ‪Ȁ‬ܩ߂‬ as a function of partial analyte pressure and network density as well (Fig. 4d ). An ensemble of response produced by a sensor array with a density gradient eventually allows one to obtain the fingerprints of given gas molecules. To summarize, therefore, nanonet fabrics offers a novel (and considerably simplified) technique to create sensor array based on density of tubes, thereby obviating the need for heaters or multiple materials.
Nanonets in Electro-mechanical Switches
Finally, nanonet fabrics may potentially find entirely new application as the moving electrode ‫ܯ(‬ ଵ ) of a contacting RF-MEMs switch, as shown in Fig. 6 (47,48,50) . Briefly, RF-MEMS switch cross-bridges a pair of RF transmission line -when ‫ܯ‬ ଵ is up, capacitance is small and the microwave signal transmits uninhibited, but when ‫ܯ‬ ଵ is down, the capacitance is large and the signal transmission is blocked. A key challenge of MEMs switching is the uninhibited acceleration of ‫ܯ‬ ଵ during pull-in (from OFF to ON state, see Fig. 6b ) that damages the surface on contact and leads to failure by stiction. Obviously, the landing can be softened (i.e. ‫ݒ‬ ௧ reduced) if the shape of the pull-in voltage (ܸሺ‫ݐ‬ሻ is delicately crafted so as to reduce the force during contact (53, 54) . Such classical solution to the landing problem is suboptimal, because the control circuit is complex and cumbersome and precise tuning is difficult, especially under process variation.
Instead, nanonet fabric printed onto the contact surface of ‫ܯ‬ ଵ offers a fundamentally different approach to soft-landing: When the switch is pulled-out state, the capacitance is essentially that of a standard parallel plate capacitor i.e. ǡ ‫ܥ‬ ‫ܿܽݎ݂‬ ൌ ‫ݕ‬ െͳ , but as ‫ܯ‬ ଵ is pulled-in and fractal character of the fabric becomes visible at the rapidly shrinking gap between ‫ܯ‬ ଵ and ‫ܯ‬ ଶ , the capacitance is reduced rapidly so that ‫ܥ‬ ‫ܿܽݎ݂‬ ൌ ሺሻ‫ݕ‬ ߙ (where ߙ ൎ ሺͳ െ ‫ܦ‬ ி ሻ ʹ Τ ܽ݊݀ ‫ܦ‬ ி is the fractal dimension of the nanonet fabric). As a result, the
‫ܥ݀‬ Ȁ݀‫ݕ‬ is reduced in proportion. As we can see that this approach is equivalent to tailoring V(t) to reduce force, except that this approach does not require complex control circuits and a self-consistent soft landing for any arbitrary MEMs geometry at arbitrary speeds. To sum, one can shape the electrostatic field in RF-MEMs by tailoring the fractal character of the electrodes by using nanonet fabrics to ensure softlanding and reduced stiction.
Nanonets Electrodes for Battery and Other Electrochemical Applications
The diffusion-limited asymmetry of charging and discharging time constants is a persistent challenge for battery design and design of electrodes for other electrochemical applications (55) . While diffusion limits are significantly relaxed for spherical electrodes, the fabrication complexity makes their commercial adoption difficult, if not impractical. Nanonet fractal electrodes offers a tunable compromise -diffusion limits are reduced significantly without corresponding loss in the capacity of the electrodes.
For an applied bias, the transient current towards a fractal electrode varies as ‫ܫ‬ሺ‫ݐ‬ሻ ‫ן‬ ‫ݐ‬ ሺଵି ಷ ሻȀଶ . Compared to planar structures, nanonet sensors display faster response in diffusion limited situations. Further, fractal surfaces like nanonets provide higher surfacevolume ratio. Coupled with better transient charging rates, this feature indicates that nanonets are promising candidates for high storage battery materials.
Conclusion
The wide variety of applications of nanonet fabrics emphasizes the role of a new class of random structures in solving classical device and technology problems in micro and macroelectronics that are beyond the reach of classical crystalline periodic materials. Although the physics of the devices are diverse, but they can intuitively interpreted by combining new ideas from fractal geometry, percolating transport with classical concepts of diffusion-limited transport, gas isotherms, Bulter-Volmer equations, etc. to make the design principles intuitively accessible to scientists and engineers alike.
